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Upper-Mantle Assemblages

The distribution of ferric iron among the phases of upper-
mantle rocks, as a function of pressure (P), temperature (T)
and bulk composition, has been studied using >’ Fe Moissbauer
spectroscopy to determine the Fe'/ LR ratios of mineral separ-
ates from 35 peridotite and pyroxenite samples. The whole-rock
FE" complement of a peridotite is typically shared approx-
imately evenly among the major anhydrous phases (spinel and/
or garnet, orthopyroxene and clinopyroxene ), with the important
exception of olivine, which contains negligible F . Whole-rock
F" contents are independent of the Tand P of equilibration of
the rock, but show a well-defined simple inverse correlation with
the degree of depletion in a basaltic component. E* in spinel
and in both pyroxenes from the spinel lherzolite facies shows a
posttive correlation with temperature, presumably owing to the
decrease in the modal abundance of spinel. In garnet peridotites,
the B°* in garnet increases markedly with increasing T and T,
whereas that in clinopyroxene remains approximately constant.
The complex nature of the partitioning of F°* between mantle
phases results in complicated patterns of the activities of the
Fe** -bearing components, and thus in calculated equilibrium
fo,, which show lLitle correlation with whole-rock F** or
degree of depletion. Whether F&** is taken into account or
ignored in calculating mineral formulae for geothermobarometry
can have major effects on the resulting calculated T and P. For
Fe—Mg exchange geothermometers, large errors must occur when
applied to samples more oxidized or reduced than the experi-
mental calibrations, whose o, conditions are largely unknown.
Two-pyroxene thermometry is more immune to this problem,
and probably provides the most reliable P—T estimates. Accord-
ingly, the convergence of P—T values derived for a given garnet
peridotite assemblage may not necessarily be indicative of
mineral equilibrium. The prospects for the calculation of accu-
rate F** contents from electron microprobe analyses by assum-
ing stoichiometry are good for spinel, uncertain for garnet, and
distinctly poor for pyroxenes.
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INTRODUCTION

The accurate measurement of Fe®* contents in
upper-mantle minerals has been an area of much
interest, mainly in an effort to calculate oxygen
fugacities for mantle-derived rocks from equilibria
involving Fe**-bearing components in spinel, garnet
or clinopyroxene (Wood & Virgo, 1989; Dyar et al.,
1989, 1992; Canil et al., 1990; Luth et al., 1990;
McGuire et al, 1991; Luth & Canil, 1993).
Although several investigations have presented
quantitative Fe** contents for upper-mantle spinels,
garnets and pyroxenes, few have examined in any
detail the distribution of Fe®* between these co-
existing phases in upper-mantle rocks. McGuire et
al. (1991) and Dyar et al. (1992) studied the dis-
tribution of Fe®>* amongst coexisting phases in one
spinel lherzolite sample, and Dyar et al. (1989) per-
formed a similar investigation for a suite of spinel
lherzolite samples that equilibrated over a limited
range of P-T—fo, conditions. Because of this
minimal amount of data, very little is known about
the factors responsible for the distribution of Fe**
among upper-mantle phases, such as mineral or
bulk (whole-rock) compositions, P and 7. This dis-
tribution is important as it determines the con-
centrations, and hence activities, of Fe3+-bearing
components (¢.g. FegO, in spinel), and consequently
the equilibrium fo, of any mantle assemblage.

In this study, the Fe** contents of coexisting pyr-
oxenes (both ortho- and clino-), spinels and garnets
from several well-characterized mantle-derived rocks
are determined with 3’Fe Massbauer spectroscopy.
These and previously published data are used to
examine partitioning systematics for Fe** between
mantle phases in both the spinel and garnet lher-
zolite facies, and to evaluate the effect of Fe3* on
geothermobarometers applied to garnet peridotites.
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SAMPLES

The samples selected represent a broad range in

geochemistry, mineralogy and tectonic setting
(Table 1). Original references to petrographic
descriptions, and to bulk-rock and individual

mineral chemical analyses (plus other details of
sample sizes and analytical methods) are listed in
Table 1. Bulk-rock and individual mineral chemical
analyses are summarized in Table 2. Modal abund-
ances and whole-rock Fe;,Og contents for these
samples were reported by Canil et al. (1994).

Southeastern Australia

Five xenoliths from a number of Tertiary localities in
this alkaline province were chosen. Two of the
samples are modally metasomatized, containing
phlogopite or amphibole. Detailed studies of their
major and trace element geochemistry have been
presented by Frey & Green (1974), McDonough &
McCulloch (1987) and W. F. McDonough (unpub-
lished data, 1993).

Northern Tanzania

These xenoliths are from the Pleistocene Olmani and
Lashaine cinder cones. The samples include spinel
and garnet peridotites, and Mg-rich dunites and
wehrlites, the latter showing petrographic and geo-
chemical evidence for carbonatite metasomatism
(Rudnick et al., 1993). Extended descriptions of their
petrography, and major and trace element geo-
chemistry and mineralogy have been given by
Rudnick et al. (1992, 1993).

Southern Africa

Both low- and high-temperature peridotites (Boyd &
Mertzman, 1987) hosted in late Precambrian to
Cretaceous kimberlites emplaced in the Kaapvaal
craton were studied. Some of the samples are graph-
ite or diamond bearing and their geochemistry and/
or mineral chemistry have been described previously
(Shee et al., 1982; Boyd & Mertzman, 1987; Viljoen
et al., 1992; Boyd et al., 1993; Pearson et al., 1994).

Siberia

These samples are from the Udachnaya kimberlite
pipe (~350 Ma) in Siberia. Of particular interest is
the common occurrence of diamond in several xeno-
liths from this locality (Pokhilenko et al., 1991). The
samples are one high- and low-temperature peri-
dotite, and a number of small (<3 cm diameter)
megacrystalline diamond-bearing garnet dunites.
Mineralogical and isotopic studies of these samples
are in progress by F. R. Boyd and coworkers (Boyd et
al., 1993; Pearson et al., 1995).
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Norway

Two garnet pyroxenite samples from the Ugelvik
and Raudhaugene localities occur as lenses in Mg—
Cr type garnet peridotites within the Western Gneiss
Region described by Carswell (1986). These samples
originated in the upper mantle, but have had a
complex multi-stage metamorphic history during
their emplacement into the crust (Jamtveit et al.,
1991).

Morocco

Garnets from two garnet pyroxenite layers (one
graphite bearing and one graphite free} within the
Beni Boussera peridotite massif, Morocco (Pearson et
al., 1993) were studied. These pyroxenite layers are
thought to have formed originally in the diamond-
stability field within the upper mantle (Pearson et al.,
1993).

ANALYTICAL METHODS

Minerals were separated from each sample using
heavy liquid and/or magnetic techniques. Separates
from this process were washed in dilute HCI or HF,
and hand picked to optical purity under a binocular
microscope. The amount of sample produced after
this process varied from ~30 to 150 mg depending
on the amount of bulk sample present. For some of
the samples, a sufficient amount of clean separate
could not be obtained for some phases (especially
orthopyroxene) for >"Fe Méssbauer spectroscopy.

Transmission °’Fe Maéssbauer spectra of sample
powders pressed between two sheets of Fe-free Al
foil, or held in Teflon discs, were recorded on a tri-
angular velocity, constant acceleration spectrometer
with an ~50 mCi *’Co in Rh source. Phlogopite
samples were mixed with sugar in an attempt to
obviate preferred orientation effects. All mineral
spectra were collected at room temperature but
spectra for garnets were also measured at 80 K using
a variable temperature cryostat, as the recoil-free
fractions of Fe’* and Fe*' in different sites of the
garnet structure are temperature dependent
(Amthauer et al., 1976). The Fe**/ZFe determined
for the garnets at 80 K was not extrapolated or cor-
rected to lower temperatures.

Mirror image spectra were recorded over 512
channels with a velocity range of £5 mm/s and cali-
brated against Fe metal foil at room temperature.
The spectra were fitted using PC-MOS software
(CMTE Elektronik, D-85521 Riemerling, Germany)
which folds the spectrum and fits the resultant
absorption envelope.

Absorber concentrations varied between 2 and 5
mg Fe/cm? depending on the amount of clean
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Table 1: Sample descriptions’

FERRIC IRON IN UPPER-MANTLE ROCKS

Sample Description Locality/Ref.2
Southeastarn Australia

84-402 spinel lherzolite, equigranular Porndon®
86-168 spine! lherzolite, granuloblastic tabular Leura®
84-413 phlogopite wehrlite, sacondary recrystallized Noorat®
84-438 phlogopite wehriite, porphyroclastic Shadwell®
BM134 amphibole-spinel Iherzolite, porphyroclastic Bullenmert®
2905 spinel lherzolite, protogranular tabular Noorat®
Tanzania

89-661 gamet [herzolite, coarse Lashaine*
89-669 wehriite, protogranular Lashalne*
89-680 gamet harzburgite, coarse Leshaine*
89-719 gamet harzburgite, coarse Lashaine*
89-772 dunits, protogranular Otmani*
89-777 wehilite, protogranular Olmani*
89-773 harzburgite, protogranular Olmani*
Southam Africa

BD1140 gamet [herzolits, coarse, low T Bultfontein®
BD1160 gamet Iherzolite, coarse, low T Bultfontein®
BD1201 gamet |herzolite, coarse, low T Wesselton®
BD1354 gamet websterite, coarss, low T Matsoku®
F866 gamet harzburgite, diamond-bearing, coarse, low 7 Finsch®

F556 gamet harzburgite, dlamond-bearing, coarse, low T Finsch®
FRB13560 spinel-gamet Iherzolite, graphite-bearing, coarse, low T Premier’
PHNG267 gamet lherzolite, sheared, high 7 Premier®
PHN5273 gamet harzburgite, coarse, low 7 Premier®
FRB921 gamet websterite, coarse, low T Premier®
FRBS09 gamet Iherzolita, sheared, high 7 Premier®
PHNG239 gemet Iherzolite, sheared, high 7 Premier®
Sibaria

uUv417/89 gamet therzolite, coarse, low T Udachnaya'®
uve1/91 gamet Iherzolite, sheared, high T Udachnaya'®
uv3s2/86 gamet dunite Udachnaya'®
UV465/88 gamet dunite, diamond-bearing Udachnaya'®
Uv177/89 gamet dunite, diamond-bearing Udachnaya'®
Uv261/86 gamet dunite Udachnaya'®
Norway

uss gamet pyroxenite Ugelvik'!
uUs39 gamet pyroxenite Raudhaugene'’
Morocco

GP147 gamet pyroxenite Beni Boussera'?
GP878 gamet pyroxenite Beni Boussera'?

"Texture classification after Boyd & Mertzman (1987) for garnet-bearing assemblages. *Reports of the
details of petrography, sample sizes and analytical conditions are given in these references. 3McDon-
ough & McCulloch (1987) and W. F. McDonough (unpublished, 1993). “Rudnick et af. (1992,
1993). ®Carswell & Dawson (1970). %Shee et a/. (1982), Viljoen et a/. (1992). ’Pearson et al. (1994).
8Luth et /. 1 990). °F. R. Boyd & D. G. Pearson (unpublished). '°Pearson et a/. (1995). ' Jamtveit et

2pearson et al. (1993).

al. (1991).
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Table 2: Compositional data*
Sample Phase  SiO; MgO Fe;03  FeO ca0 ALO;  TIO, Ns;,0  Cr,0s K0 Total
SE Australia
84-402 ol 40-8 498 - 89 — — - - — — 99-3
Opx 656 336 037 5-24 079 25 — - 067 — 98-7
Cpx 626 162 05 205 202 38 028 13 149  — 98-3
Sp — 16-4 306 117 — 312 — —_ 382 — 1006
WR 441 433 017 7-8 086 12 005 007 082 — 98-4
85-168 ol 40-7 479 —_ 111 — - - — — — 997
Opx 55-5 326 0-45 68-4 068 34 — — 065  — 99-7
Cpx 52-0 16-4 075 29 183 66 059 113 127 — 99-9
Sp — 17-2 372 118 — 38-0 — - 287 - 99-4
WR 440 415 019 104 112 147 012 01 046  — 99-4
84-413 ot 40-6 479 — 114 — — — — —_ — 99-9
Opx 57-9 34-1 054 862 043 046 — — 026 — 100-2
Cpx 54-3 159 0-48 229 209 274 034 179 087 — 99-6
Phi 39-0 215 1-68 269 009 144 459 077 0-82 9-02 94-6
WR 44-1 353 0-41 107 26 29 083 039 038 — 978
84-438 ol 40-6 478 — 110 - - - — — — 99-3
Cpx 48-7 143 o-21 192 227 763 123 072 208 — 99-2
Phi 389 223 336 096 003 162 248 055 117 94 95-4
WR 424 387 0-42 88 3N 254 037 044 033 — 97-7
BM-134 ol 40-7 48-9 — 9-9 — - — — - — 996
Opx 66-6 344 035 59 024 138 — — 028 — 99-6
Cpx 54-7 153 0-39 186 196 428 - 233 154 — 100-0
Sp — 155 ND 154 — 330 — - 352 — 99-1
Amp 416 169 1-19 2-41 94 124 036 3-89 226 0-32 90-6
WR 431 44-4 013 88 122 125 004 032 036 — 99-6
2906 ol 414 490 — 9-8 — - — - — — 99-9
Opx 56-0 340 0-42 59 055 418  — — 018  — 101-2
Cpx 52-4 153 05 235 203 618 039 157 089 — 99-9
Sp — 203 1-79 91 — 57-4 — — 115 — 100-1
WR 45-1 398 0-19 75 284 313 on 0-24 044  — 99-3
Tanzania
89-661 ol 41-2 51-6 — 66 — — — -_ — - 99-4
Opx 57-2 355 0-38 394 044 159 011 014 051 — 99-8
Cpx 54-3 157 0-67 133 188 375 035 259 2-61 — 99-9
Sp - 169 416 96 - 173 14— 50-5 — 999
WR 42:3 480 0-07 68 094 07 008 — 023 — 995
89-669 ol 401 479 — 114 — - — - — — 99-4
Opx 56-9 335 058 6-92 059 053 017 016 045  — 99-8
Cpx 54-1 164 1-03 2561 200 1-25 042 175 246  — 999
WR 40-8 437 009 95 1-75 055 0-1 02 — — 97-0
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Table 2: continued

FERRIC IRON IN UPPER-MANTLE ROCKS

Sample Phase  SiO2 MgO Fe,03  FeO Ca0 Al,0s  TiO, Na,0 Cr03 K20 Total
89-772 ol 40-0 47-3 — 11-9 — — — — — — 99-2
Cpx 54-5 16-3 1-14 278 20-8 1-36 o021 1-35 1-46 — 99-9
WR 40-6 46-1 0-04 125 0-66 011 0-02 0-05 014 —_ 100-2
89-680 o]} 41-0 51-6 — 6-94 — — — — — 99-5
Opx 57-2 35-7 0-44 4-01 0-4 1-67 0-04 0-09 0-45 —_ 99-9
Cpx 62-9 17-0 09N 1-45 19-6 4-79 0-16 167 1-62 — 99-9
Sp — 15-7 3-22 11-6 - 21-6 0-44 — 47-0 —_ 99-6
Gtt 420 205 ND 66 5-26 21-2 —_ — 4-16 —_ 99-7
WR 442 45-9 0-15 6-61 0-81 1-22 0-03 —_ 0-30 — 995
89-719 Ol 412 51-0 — 71 — —_ —_ —_ — — 99-3
Opx 6573 36-2 0-42 3-94 0-62 0-98 0-04 0-13 0-37 —_ 99-9
Cpx 551 17-3 0-66 1-46 19-2 2-42 0-11 1-87 1-78 —_ 99-9
Gt 41-4 222 0-31 5-62 4-84 21-8 004 — 3-53 — 99-7
WR 433 43-4 0-07 6-82 0-65 1-09 002 — 0-18 — 100-0
89-777 (o] 41-6 62-1 — 575 — — — — — — 99-5
Opx 6585 36-9 — 3-76 0-27 0-20 0-04 0-09 0-14 —_ 99-9
Cpx 566 173 0-61 171 19-4 0-78 01 1-83 27 — 99-9
Sp — 16-4 3-60 9-21 — 6-03 063 — 64-01 —_ 99-9
WR 413 48-2 0-08 8-63 1-36 017 005 — 0-24 — 100-0
89-773 ol 41-3 51-9 — 6-34 — — —_ — — —_ 99-5
Opx 67-6 3656 0-26 379 0-24 1-08 — —_ 031 —_ 99-8
Sp —_ 160 4-54 10-01 —_ 21-4 —_ — 4841 —_ 100-1
WR 441 491 0-09 597 011 0-39 o0l — 0-25 — 100-0
Southern Africa
BD 1140 ol 41-8 49-9 — 7-93 — — —_ — — — 99-6
Opx 57-8 351 0-49 4-46 0-68 0-77 0-06 0-09 0-2 — 99-6
Cpx 54-8 15-8 0-85 1-66 20-3 269 0-16 2:01 1-63 — 99-7
Gt 417 20-9 0-46 763 4-2 22-3 011 — 1-73 —_ 99-0
WR 45-0 41-8 018 7-28 1-75 268 0-17 0-21 0-34 — 99-2
BD 1160 ol 415 49-3 — 9-43 — — — — — — 100-2
Opx 56-9 352 0-63 5-08 075 0-72 0-07 0-1 0-2 — 99-7
Cpx 54-3 16-2 1-03 1-97 197 2-62 0-18 1-74 174 — 99-5
Gt 418 19-9 0-81 8-09 454 213 002 — 2-64 — 989
WR 46-7 376 0-39 71 3-49 3-05 0-11 0-4 0-52 — 99-1
BD 1201 ol 421 60-7 — 82 — — — — — — 101-0
Opx 576 35-3 0-67 54 0-34 0-77 0-06 0-07 0-22 — 100-3
Cpx 54-5 15-9 1-11 1-43 196 2-68 02 2-32 205 — 99-8
Gt 41-8 20-2 0-29 76 478 217 018 — 2:66 — 99-2
WR 46-7 422 0-23 68 1-33 1-562 0-07 012 0-34 — 99-2
(continued on next page)
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Table 2: continued
Sample Phase Si02 MgO FOzOg FeO CaO AIzOg TiO2 NBQO szOg K;O Total
BD 1364 ol 40-4 44-2 — 166 — — — —_ — — 1011
Opx 55-8 314 0-64 9-06 1-27 0-77 0156 017 0-19 — 99-5
Cpx b4-4 180 1-65 3-98 17-8 2-46 0-26 1-84 1-22 —_ 99-5
Gt 40-9 17-4 1-4 116 5-:08 191 0-62 — 397 — 99-9
WR 47-9 293 0-77 11-2 4-38 4-86 0-2 0-44 0-85 — 991
PHN 5239 [¢]] 408 50-1 — 8:26 - — — — — —_ 99-2
Opx 56-4 341 0-37 4-47 1-23 0-96 0-29 0-31 0-43 — 98-6
Cpx 54-0 19-9 0-82 276 15-0 2-22 0-42 1-81 1-44 —_ 98-4
Gt 41-8 215 0-81 6-0 4-95 18-7 1-26 0-1 4-54 — 99-5
WR 45-6 44-2 0-17 7-22 0-9 1-41 0-2 0-08 0-44 —_ 100-1
PHN 6273 [o]] 411 5141 — 7-68 - — —_ — — — 99-9
Opx 567 35-3 ND 55 1-03 0-84 0-05 017 0-37 — 100-0
Cpx 535 19-5 ND 2-:03 19-2 1-66 o088 0-89 090 — 98-8
Gt a1-7 216 on 6-4 5-21 19-2 0-40 — 6-35 —_ 99-6
WR 47-4 432 ND 6-52 11 1-25 016 0-08 0-32 — 99-9
FRB 909 [o]] 411 b0-0 — 8-9 —_ —_ —_ —_ — — 100-0
Opx 56-9 348 o043 617 1-43 0-97 - 0-24 0-37 — 100-3
Cpx 54-6 207 0-72 2-95 15-9 2-02 010 1-42 1-04 - 99-5
Gt 421 221 0-88 61 473 202 0-38 — 4-00 — 100-6
WR 47-01 421 021 841 1-63 0-83 0-05 012 0-26 — 1001
FRB 921 ol 41-0 517 — 7-82 — — — — — — 100-5
Opx 576 362 0-38 4-53 0-42 1-05 — 0-12 0-21 — 100-4
Cpx b4-1 17-0 0-76 1-82 197 2-94 0-22 1-99 1-24 —_ 99-8
Gt 418 218 0-35 6-81 4-58 22-3 — — 216 —_ 99-6
WR 49-6 357 030 6-14 3-:01 4-98 0-04 018 0-69 —_ 100-2
PHN 5267 ol 41-0 51-2 — 8-74 0-09 0-04 —_ —_ 0-05 —_ 1011
Opx 56-4 350 0-44 4-53 1-38 0-91 _ 0-16 0-24 _ 99-1
Cpx 56-8 215 0-48 2-89 16-8 1-35 — 0-75 0-67 - 1011
Gt 423 223 0-85 5-63 493 205 0-03 0-02 3:54 —_ 100-1
WR 45-2 43-0 0-20 7-51 2:01 1-87 0-03 0-13 0-41 —_ 100-2
F865 [o]] 41-3 50-7 — 6-92 0-03 0:06 0-04 — 0-08 — 99-1
Opx 686 365 0-23 391 0-55 0-49 0-04 011 0-30 — 99-6
Gt 42-5 209 0-49 5-57 4-91 191 027 0-05 5-58 — 99-3
WR 46-3 44-7 009 6-83 0-56 1-24 0-06 0-07 0-42 — 100-1
Fb56 [o]] 40-9 50-4 — 8-82 — — — — — — 100-1
Opx 675 356 027 4-66 0-77 0-48 — - 0-23 — 99-6
Gt 41-3 19-4 0-57 6-65 6-45 170 0-16 - 7-44 —_ 99-0
WR 48-3 40-7 016 9-21 0-96 0-61 0-02 0-04 0-24 — 100-1
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Table 2: continued

Sample Phase Si0, MgO Fe;04 FeO Ca0 AL O, TiOy Na,0 Cry0, K20 Total
FRB 1350 ol 41-0 51-7 — 83 — — — — — — 101-0
Opx 68-0 365 0-35 4-89 0-27 1-13 0-03 — 0-22 — 101-3
Cpx 54-9 17-3 0-23 15 229 2-04 0-03 1-23 030 — 101-0
Gt 42-0 201 0-31 7-95 5-43 221 0-03 — 207 — 100-0
Sp — 134 2-78 14-8 — 193 0-10 — 49-4 — 99-7
WR 48-5 42-6 014 6-84 1-43 1-68 0-01 0-08 0-37 — 99-6
Siberia
uv417/89 ol 405 50-8 — 8-81 — — — — — — 1001
Opx 677 367 042 5-03 0-32 0-47 0-09 0-05 0-09 — 100-9
Cpx 65-0 165 0-61 173 209 27 0-25 212 075 — 100-6
Gt 41-8 213 0-46 8-54 438 2286 0-23 0-04 1-34 — 100-7
WR 44-7 39-2 021 8-31 2-93 3-68 0-19 0-14 0-34 —_ 99-5
Uv 61/ ol 40-8 51-2 — 8-02 — — — — — — 100-0
Opx 57-6 36-2 0-38 4-59 0-73 0-44 0-07 0-11 0-16 — 100-2
Cpx 55-4 19-2 0-53 2186 202 0-9 0-16 1-03 0-88 — 100-5
Gt 41-8 197 0-85 6-47 6-28 17-5 0-27 — 6-27 — 9941
WR 44-6 44-6 014 7-33 1-68 0-74 0-11 010 0-38 — 996
Uv 382/86 o]l 41-2 51-9 — 6-84 0-03 — — — — — 99-9
Gt 41-7 237 0-50 712 1-66 15-9 0-08 — 8-74 — 99-4
UV 465/86 [o]] 411 51-7 — 7-33 — — — — — —_ 100-1
Gt 421 222 0-42™ 6-95 333 19-6 0-03 — 6-37 — 100-0
Uv177/89 (o]’ 40-9 651-9 — 717 — — — — — — 99-9
Gt 42-4 232 0-36 7-14 2-:03 20-4 0-03 — 4-54 — 100-1
Uv 261/86 Ol 40-9 60-9 — 7-40 — — — — — — 99-2
Opx 68-3 371 — 4-40 018 0-31 — — 015 — 100-4
Gt 41-6 229 0-44™ 7-40 224 187 — — 6-24 — 99-5
Norway
uss Opx 68-6 356 NP 4-70 0-13 0-82 — — 0-21 — 100-0
Cpx 656-0 15-4 NP 1-26 206 2-69 — 2-22 2:40 — 99-6
Gt 41-6 20-2 NP 8-64 4-61 213 — — 3-52 — 99-9
us38 ol 39-8 441 — 16-50 — — — — — — 100-4
Opx 56-6 3150 NP 10-10 o1 0-55 — — 0-14 — 99-1
Cpx 54-8 16-90 NP 2-42 240 0-52 0-05 0-35 0-42 — 995
Gt 40-2 14-3 NP 14-80 6-27 20-4 0-06 — 317 — 99-2
Morocco
GP147 Gt 40-5 14-48 0-40 16-54 4-69 222 04 — 0-22 — 99-4
GP878 Gt 42-0 18-67 0-84 10-66 5-22 2299 011 — 0-50 — 101-0

*Not all minor elements are quoted in some analyses. Original analyses and description of analytica! conditions appear in references to
each sample listed in Table 1. Whole-rock analyses were not determined for all samples. Values for Fe,03 in italics were estimated using
partitioning systematics discussed in the text.

tThis phase is present in thin section but replaced partly by spinel.

Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel; Gt, garnet; Amp, amphibole; Phl, phlogo;)ita; WR, whole rock
mMaximum Fe,0, value, using Fe3*/ZFe determined at room temperature. ND, not determined owing to lack of 5/ Fe Massbauer data for
one or more phases. NP, not detected in 57Fe Massbauer spectra.
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sample available. The Fe**/ZFe ratios derived are
insensitive to absorber concentrations within this
range (Luth & Canil, 1993). One garnet sample
(PHN5267) was measured as a function of absorber
thickness at 298 K and its Fe**/ZFe was found to be
constant over the range 2-5 mg Fe/cm?. Hyperfine
parameters for all samples are listed in Table 3 and
descriptions of the fitting models used are given in
the Appendix. Extended discussions of the validity
and sensitivity of the Fe**/ZFe determined for oli-
vines, pyroxenes, spinels and garnets to different
spectral fitting procedures have been given by Dyar
et al. (1989), Luth & Canil (1993), Wood & Virgo
(1989) and Luth et al. (1990), respectively, and will
not be repeated here.

RESULTS

The distribution of Fe’" in the spinel
peridotite facies

Overview

In the following discussion, we make use of both our
new data, and data in the literature (Dyar et al.,
1989, 1992; McGuire ¢t al., 1991; Luth & Canil,
1993) to interpret the crystal chemical controls on
the distribution of Fe** amongst upper-mantle
minerals.

In spinel lherzolites, Fe’*/ZFe varies from 0-04 to
0-09 in orthopyroxene, and from 0-12 to 0:36 in
clinopyroxene. The spinels coexisting with these
pyroxenes have Fe**/ZFe from 0-15 to 0-34. A larger
database of reliable Fe**/ZFe determinations on
mantle spinels (e.g. Wood & Virgo, 1989; Bryndzia
& Wood, 1990; Canil et al., 1990; Woodland et al.,
1992; Tonov & Wood, 1993) confirms that nearly all
primary mantle spinels from spinel lherzolite and
spinel harzburgite xenoliths fall within the range
covered by samples in this study, but also reveals
that abyssal peridotites and orogenic massif peri-
dotite spinels generally have lower Fe**[ZFe, mostly
in the range 0-05-0-15 (Bryndzia & Wood, 1990;
Woodland ¢t af., 1992).

The details of the distribution of Fe** between
different phases of mantle peridotites are complex.
The amount of Fe** in a particular phase is expected
to depend on the whole-rock Fe?*, the modal abun-
dances of the Fe**-containing phases, their chemical
composition (especially important for coupled sub-
stitutions) and the chemistry of other coexisting
phases, as well as the thermodynamic variables of
pressure and temperature. These factors are not
mutually independent, and cannot be treated in iso-
lation. Nevertheless, we can use the empirical parti-
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tioning data to identify which factors are of most
importance.

F*in pyroxenes

There is a good correlation between the amount of
Fe** in orthopyroxene with that in coexisting clino-
pyroxene from spinel lherzolites (Fig. 1). The scatter
is not much greater than that expected from the
uncertainties in the Fe?*/ZFe determinations. As
both orthopyroxene and clinopyroxene share the
same stoichiometry in terms of cation-to-oxygen
ratio, they can be described using the same thermo-
dynamic components. Thus, the partitioning reac-
tions controlling the distribution of elements between
coexisting pyroxenes are not directly affected by the
nature of the other coexisting phases. This eliminates
one possible cause of scatter in such partitioning
diagrams.

The empirical distribution coefficient D¥Z/P* is
0-62+0:04. For comparison, the equivalent
empirical distribution coefficients D§*/*™* and
DFX/P* for two other minor elements, Ti and Na,
which show a roughly similar degree of moderately
incompatible behaviour during mantle melting, are
plotted in Fig. 2. We find D§™P* = 0-24 £ 0-02, with
similar scatter to that for DEHP™  whereas
DF/P*=0-067 £ 0-:004, but the scatter appears
somewhat greater (perhaps indicating that the par-
titioning of Na between orthopyroxene and clino-
pyroxene is also influenced by temperature and/or
pressure). The important point is that D[P s
much closer to unity than is D$EXP* or Dgpxiepx,

0.03
Spinel (herzoiites
wTanzanla &
4 5.E. Austrate 0.62 + 0.04
| esw.usa
0.02 o
§ o
4 .
4 o "
0.011 o 2 ] h
[J (o]
[
0.00 v v
0.00 0.01 2 0.02 0.03
Fe copx

Fig. 1. Partitioning of atomic Fe** (based on four cation stoichio-
metry) between coexisting clino- and orthopyroxenes in spinel
lherzolites. Data sources are: SW USA and Arabia, Dyar « al.
(1989, 1992) and McGuire e al. {1991). All other data are from
this study and Luth & Canil (1993). The value of DF*" was
obtained by linear regression of the data using a single-parameter
model (i.e. without a constant, which constrains the regression to
pass through the origin): Fhe quoted uncertainty is the standard
error of the estimate from this model.
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Table 3: Hyperfine parameters (all given relative to Fe metal forl at room temperature)

Sample FeZ* (1) Fe2* (I) Fe2* (11} Fe3* Ia

IS Qs FWHH IS Qs FWHH Area IS Qs FWHH Area IS Qas FWHH Area

SE Australia

85-168

Opx 117 213 029 122 243 03 0-146 1-06 209 027 0326 032 088 045 006 960
Cpx 113 204 046 116 266 041 0159 — — — — 035 058 0668 02 481
Sp 094 185 046 117 09 0-52 0-403 — — — — 028 074 033 023 781
(o]} 111 279 026 111 299 022 0392 — — — — — — — — 282
84-402

Opx 108 215 0-29 1-23 243 019 0063 108 2:09 033 038 029 086 053 007 919
Cpx 113 196 0-46 1-07 2:31 042 0262 — — — — 026 072 0668 018 299
Sp 083 176 0-49 09 108 051 0382 — — — — 028 069 03 019 1354
2906

Opx 118 216 031 123 244 034 014 104 21 0-36 0-322 031 089 05 0-06 686
Cpx 113 196 045 1-2 232 043 0328 — — — — 026 082 061 016 404
Sp 089 187 041 088 121 054 0515 — — — — 024 074 03 015 428
BM134

[o]] 112 288 025 114 307 026 0527 — — — — — — — — 607
Opx 112 206 028 117 2447 034 0151 104 196 029 021 031 097 072 005 376
Cpx 114 2-04 046 116 261 049 0254 — — — — 051 039 0561 0186 356
Amp-3 11 242 033 112 274 03 0-261 109 18 035 0205 0356 078 075 03 330
Amp-2 11 191 0-39 112 263 037 0449 — — — — 033 081 069 03 445
84-438

ol 112 2-88 026 114 307 025 048 — — — — — —_ — — 297
Cpx 1-16 197 041 1-18 231 062 026 — — — — 029 08 0-656 019 310
Phi* 1-09 301 039 1-06 283 038 008 11 226 031 0094 041 121 062 078 515
84-413

o] 1-08 276 025 141 295 022 0404 — —_ — — — — — — 322
Cpx 113 208 047 114 282 034 0116 — — — — 0-37 04 0-566 016 323
Phl 106 239 035 103 198 032 0162 — — — — 036 099 058 036 481
Tanzania

89-772

Cpx 116 187 0456 1-36 24 0-3 0099 — — — — 0-25 085 0561 027 330
0l 114 289 026 116 309 024 0464 — — — — — — — — 586
89-669

Opx 116 213 025 1-2 265 045 0-182 107 206 028 0257 038 064 058 007 865
89-661

Opx 1256 229 032 13 261 035 0194 111 23 0-39 0188 043 094 053 008 297
Cpx 122 218 046 123 274 063 0206 — — —_ —_ 043 074 074 03 269
Sp 1-01 177 066 0-97 1-07 055 0377 — — — — 034 062 034 028 264
0l 109 281 025 111 297 022 0368 — — — — — — — — 251

(continued on next page)
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Table 3: continued
Sample Fe?* (1) Fe?* (Il) Fe?* (IIl) Fe** Ia
1S QS FWHH IS Qs FWHH Area IS as FWHH Area IS as FWHH Area

89-680

Opx 124 231 029 131 262 032 0106 111 217 034 0116 033 066 047 009 361
Cpx 113 19 04 118 226 039 0322 — — — — 03 061 068 036 259
Sp 092 161 053 09 091 05 0315 — — — — 031 059 041 028 440
89-719

Opx 116 209 029 116 242 028 0123 101 206 029 018 02 014 043 009 306
Cpx 114 204 045 118 232 014 009 — — — — 022 052 068 031 267
Gt-298 128 355 036 — — 028 — — — — — 027 027 059 0075 338
Gt-80 141 366 042 — — 034 — — — — — 03 031 041 0048 535
89-773

Opx 116 211 039 119 241 027 0146 1-05 2:04 028 0146 039 068 0657 005 686
Sp 092 161 054 09 095 045 0263 — — — — 031 0861 036 029 579
89-777

Cpx 116 198 048 129 245 031 0094 — — — — 02 076 067 021 265
Sp 091 134 043 089 078 044 038 — — — — 034 052 03 028 696
ol 1-14 289 027 115 341 025 0481 — — — — — — — — 326
South Africs

BD1140

Opx 116 212 024 118 246 03 0176 11 206 026 025 013 013 08 009 268
Cpx 116 203 045 1-31 245 034 0068 — — — — 028 066 066 033 269
Gt-298 1-28 367 033 — —_ 028 — — — — — 024 007 082 00687 416
Gt-80 167 438 044 — — 038 — — — — — 033 002 076 0051 635
(o]} 108 275 023 111 292 024 — — — — — — — - — 312
BD11650

Opx 113 203 023 114 232 029 017 106 2:01 024 0397 003 01 069 01 297
Cpx 116 198 0456 127 237 034 0124 — — — — 027 076 067 032 276
Gt-298 129 367 032 — — 027 — — _ — — 026 023 082 0084 374
Gt-80 131 367 043 — — 039 — — — — — 026 043 075 0083 563
ol 109 276 026 141 293 024 — — — — — — — — — 289
BD1201

Opx 112 204 022 114 236 029 017 106 2 025 031 016 008 093 01 264
Cpx 115 193 038 121 225 042 0272 — — — — 026 062 064 041 292
Gt-298 129 368 032 — — 027 — — — — — 031 025 039 0048 259
Gt-80 142 364 034 — — 029 — — — — — 039 003 041 0033 297
BD1364

Opx 1411 2007 023 115 233 032 0169 1-09 192 026 0346 031 074 041 008 310
Cpx 113 201 038 1-24 222 046 0288 — — — — 03 08 063 026 527
Gt-298 1-29 358 0-31 — — 027 — — — — — 03 029 041 0103 438
Gt-80 141 362 032 — — 03— — — — — 04 0256 046 0098 566
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Table 3: continued

Sample Fe* (1) Fe?* (Il) Fo?* (1H)

IS Qas FWHH IS Qs FWHH Area IS as FWHH Area IS Qas FWHH Area

PHNB267

Opx 116 209 0-22 116 233 038 0264 107 202 026 0195 027 O 065 008 2N

Cpx 109 198 031 1-06 181 026 024 — — — —_ 0-24 056 063 013 277

Gt-298 129 368 035 — — 028 — — — — - 0-32 032 039 0159 260

Gt-80 1-44 370 040 — — 030 — — — — — 0-46 028 043 0121 475

FRB909

Cpx 116 209 035 1-1 1-89 025 0191 — — — — 026 024 079 018 463

Gt-298 128 356 0-33 — — 0-27 — — — — — 032 028 044 0126 282

Gt-80 1-42 364 043 — — 035 — — — — — 0-38 028 042 0115 363

PHN5239

Cpx 118 212 0-38 111 197 028 0345 — — — — 022 049 071 021 302

Gt-80 1-41 364 043 — — 035 — — — — — 042 029 046 0108 334

Gt-298 129 365 035 —_ — 029 — — — — — 035 033 043 0129 255

PHN5273

Gt-80 1-43 364 043 — — 035 — — — — — 041 031 044 0119 409

FRB921

Cpx 123 2-19 051 113 202 045 0424 — — — — 0-27 067 059 027 317

Gt-80 1-41 364 043 —_ — 036 — — — — — 033 033 041 0-044 497

Gt-298 1-28 366 0-33 — — 0-28 — — — — — 0-26 039 045 0067 287

F865°

Gt-298 1-29 366 0-34 — — 028 — — — —_— — 028 031 039 0102

Gt-80 1-43 364 047 —_ — 038 — — — — — 028 029 043 0074 347

F556°

Gt-80 1-31 364 043 — — 035 — — — — — 039 027 033 0072 343

FRB13560°

Opx 1-16 2-14 0-26 1118 278 049 022 111 201 028 021 031 ¢ 0-75' 006 987

Cpx 118 231 047 116 196 039 065 — — — — 0-27 093 047 012 276

Gt-298 129 356 033 — — 028 — — —_ — —_ 029 046 041 0044 829

Siboria

uvet/a

Cpx 1-29 221 0-37 112 201 032 0708 — — — —_ 026 059 065 018 284

Gt-298 1-29 364 034 —_— — 028 — — — —_ — 032 031 038 012 2568

Gt-80 1-43 364 047 — — 041 — — — — — 041 029 045 0108 399

uvai7/89

Cpx 118 226 051 114 195 038 0319 — — — — 039 046 062 024 276

Gt-298 1-31 356 033 — — 028 — - — — — 028 027 051 008 288

Gt-80 1-43 363 043 — — 038 — — — — — 0-37 031 045 0046 487
(continued on next page)
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Table 3: continued
Sample Fo?* (1) Fo** (1) Fe>* (Ill) Fe®* 7
1S QS FWHH IS Qs FWHH Area IS Qs FWHH Area IS os FWHH Area

uv3s2/ss

Gt-298 129 366 034 — — 027 — — — — — 032 015 048 0064 320

UV465/86°

Gt-298 129 357 034 — — 027 — — — — — 032 027 033 0066 276

uv177/89°

Gt-298 129 354 034 — — 029 — — — — — 032 026 043 0051 266

Gt-80 1-42 366 049 — — 041 — — — — — 036 024 045 0045 338

UV251/86

Gt-298 1-28 356 034 — — 027 — — — — — 031 026 041 0053 236

Norway

U9

Opx 114 209 023 116 226 027 0238 106 194 034 0144 027 006 071 0001 1185

Gt-298 129 368 033 — — 028 — — — —_ — 011 019 084 0019 27N
\

U539

Opx 116 208 025 118 226 032 0264 104 204 03 0155 — —_ — — 2266

Cpx 114 201 032 124 209 057 0229 — — — — — — — — 451

Gt-298 1-29 367 O3 — — 028 — — — — — — — — — 691

Beni Bousers

GP147°

Gt-298 129 355 032 — — 029 — — — — — 029 029 04 0022 348

GP87B°®

Gt1-298 128 366 032 — — 029 — — — — — 032 033 0456 0071 326

*Three doublets were required for Fe* to obtain convergence.

his parameter was fixed during fitting to attain convergence.
“Coexisting with carbon as either graphite or diamond (see Table 1
IS, isomer shift; QS, quadrupole splitting; FWHH, full width st ha

).

If height; Area, fraction of total resonance envelope. Ol, olivine; Opx,

orthopyroxene; Cpx, clinopyroxene; Sp, spinel; Gt, gamet; Amp, amphibole; Phl, phlogopite. Amp-2, result using two doublet fit for Fe?*.
Amp-3, result using three doublet fit for Fe?*. Gt-80, garnet measured at 80 K. FWHH are for the low-velocity and high-velocity peaks,

respectively. Gt-298, gamet measured at room temperature.

Therefore, as important amounts of Fe**, and not
Na or Ti, also occur in mantle spinels, Fe?* is much
more homogeneously distributed among the phases
than are other moderately incompatible elements.

Unfortunately, the Méssbauer spectra obtained in
this study cannot be used to elucidate the actual
substitution mechanism of Fe** in pyroxenes, owing
to the difficulty of obtaining unique hyperfine para-
meters for poorly resolved Fe*" contributions to the
resonance envelope in pyroxenes (Dollase, 1975).

There is, however, some information from synthetic
simple systems which may be coupled to the
empirical observations of this study to estimate the
probable substitution mechanisms, as the first step in
the development of a thermodynamic model for the
partitioning of Fe** in upper-mantle phases.

The possibility of different types of substitutions
which are stoichiometrically independent of each
other in pyroxenes requires them to be treated as
reciprocal solutions (Luth & Canil, 1993), so that
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Fig. 2. Covariation of Ti and Na atoms (based on four cation stoi-

chiometry) in coexisting clino- and orthopyroxenes in spinel lher-

zolites. Data sources are: Pello Hill, Dawson & Smith (1988);

Assab, Ottonello « al. (1978); Westeifel, Sachtleben & Seck

(1981). All other data are from this study and Luth & Canil

(1993). The quoted uncertainty is the standard error of the
estimate.

within an assumed solution model, all of the possible
components need to be considered simultancously.
Given its ionic radius, standard crystal chemical
arguments suggest that Fe** substitutes onto the M1
octahedral site, with charge balance maintained by
the coupled substitution of either Al for Si on a
tetrahedral site (Annersten ¢t al., 1978), or Na on the
M1 site. The Fe** components in pyroxenes would
then be either the acmite component, NaFe**Si;Op,
or the components MFe®*AlSiOg where M =Mg,
Fe?* and Ca (e.g. CaFe**AlSiOg, esseneite; Cosca &
Peacor, 1987). These components embody coupled
substitutions of the ¢ NaMB 3D =
CaM?) 4 Mg(Ml) and FeotMD 4 A1(M = Mg(Ml) +
Si™. The empirical evidence, however, shows no
correlation of Fe** with Al or Na in clinopyroxene
(Fig. 3a). This surprising finding is supported by the

FERRIC TRON IN UPPER-MANTLE ROCKS

experimental data of Annersten et al. (1978), who
studied the substitution of Fe*" into orthopyroxene
in the system MgO-SiOg—FeO-FeqO3+ Al,05 at 2
kbar and 800-1000°C at very high fo,, and were
able to demonstrate substantial Fe** contents in Al-
(and Na-) free orthopyroxenes, and by Huckenholz
et al. (1969), who studied the CaFe3*SiOg sub-
stitution in diopside and demonstrated the presence
of tetrahedral Fe** by Méssbauer spectroscopy.

Also supporting the lack of influence of the Al-
coupled substitution on Fe** in pyroxenes is the
observation that at least one orthopyroxene with a
low Al content (sample 89-669) has molar
Al<(Fe** +Cr), which means that its chemical
formula must contain tetrahedral Fe**. Any such
pyroxene must have a finite activity of its
MgAl,SiOg component, implying that Al and Fe**
are to some extent distributed between the Ml
octahedral and tetrahedral sites in pyroxenes.

Taken together, these observations suggest that
perhaps the appropriate description for Fe®*
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Fig. 3. Covariation of Fe** (based on four cation stoichiometry)
with (a) Al and (b) Na in clinopyroxene. Data sources as in Fig.
2. In neither case is any correlation apparent.
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substitutions in pyroxenes should involve the
MFe3*SiOs ty})e of component, rather than the Al-
coupled MFe AISIOG components, together with
provision for Fe?*—Al ordering between the M1 and
tetrahedral sites. This may have considerable sig-
nificance for the determination of the activity of the
MgAl,8iOg component in natural Fe**-bearing
orthopyroxenes, and thus on the geobarometry of
garnet lherzolites calibrated using Al-in-orthopyr-
oxene (e.g. Brey & Kohler, 1990; Carswell, 1991).

Perhaps equally sux;pnsmg, Na also does not affect
the substitution of Fe’” in pyroxene. The amount of
Na in the clinopyroxene of our samples varies by
nearly a factor of four, but Flg 3b shows that no
correlation between Na and Fe** in clinopyroxene
exists. The reciprocal reactions between components
with and without Na are

MAL,SiOg + NaFe*Si,06 =
MFe?* AlSiOg + NaAlSi,Og (1)
or, if the MFe3"SiOg type of end-member is chosen,
MAI,SiOg + 2 NaFe®*8i,06 =
MFe3*SiOg + 2 NaAlSi,O. (2)
The implication is therefore that the free energy of
the reciprocal reactions [(1) or (2)] in clinopyroxene
is likely to be small.
The Fe** content of pyroxenes could potentially

be influenced by the Mg/Fe®* ratio of coexisting
olivine, through redox reactions of the type

FCQSiO4 + Mng]O4+ CaMg&QOG +0-5 02 =
olivine clinopyroxene
CaFe3*SiOg + 1'5 Mg,SigOg. (3)

clinopyroxene orthopyroxene

olivine

Reaction (3) demonstrates that a negative corre-
lation between atomic Fe** in clinopyroxene vs mg-
number in coexisting olivine would be expected if
upper-mantle fo, were buffered at some constant
level. Figure 4 shows that we find no such negative
correlation in any of the studied xenolith suites,
indicating that upper-mantle fo, is not externally
buffered in such suites. Composite xenoliths,
however, studied by McGuire ¢t al. (1991) and Dyar
et al. (1992), each presumably equilibrated at a
single 7 and P, do indeed show the negative corre-
lation expected from equation (3) (Fig. 5). This
observation indicates an approach to equilibrium in
Jo, over the length scale of the composite xenoliths
(centlmctrcs), which mlght imply the action of a
localized fluid operating in the mantle, consistent
with other petrographic observations in these xeno-
liths (McGuire et al., 1991; Dyar et al., 1992).
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Fig. 4. Covariation of Fe** in clinopyroxene (based on four cation

stoichiometry) and Mg/(Mg+Fc) (mg-number) in coexisting

olivine from spinel lherzolites. Data sources as in Fig. 2. No corre-

lation is apparent, implying [from reaction (4)] that fo, is not

externally controlled in these xenolith suites on the spatial scale
from which they are sampled.
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Fig. 5. Plot showing the negative correlation of Fe** (based on

four cation stoichiometry) with Mg/(Mg+Fe) in clinopyroxene

from three composite spinel peridotite xenoliths described by

McGuire ef al. (1991) and Dyar ¢ ol. (1992). In contrast to xeno-

lith suites (scc Fig. 4), these composite xenoliths show the negative

correlation expected from reaction (4) if fo, is locally buffered
(c.g. by a fluid phase).

There is a positive correlation between the tcm-
perature of equilibration of the xenoliths and Fe** in
clinopyroxene (Fig. 6a). This trend may be due
directly to the influence of temperature on the mtcr-
crystalline partitioning relationships of Fe** o,
indirectly, as a by-product of decreasing Ca in
clinopyroxene with increasing temperature, if Ca in
clinopyroxene exerts a crystal-chemical control
through a large positive free energy for the recip-
rocal reaction
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Fig. 6. Variation of Fc* in coexisting clino- and orthopyroxene

with temperature [in Kelvin, calculated using the two-pyroxene

method (BKN) of Brey & Kohler (1990)]. Data sources as in
Fig. 2.

CaFe3*SiOg + MgAl,SiOg =
MgFel*$iOg + CaAl,SiOs. (4)

There is only a slight indication of any correlation
of Fe** with temperature in orthopyroxene (Fig. 6b),
which could be taken to support the latter scenario.
Alternatively, any effect in orthopyroxene may be
masked by the greater relative uncertainty in the
Fe** determinations.

Fe?" in spinel

Fe** in spinel is positively correlated with Cr/
(Cr+Al), both in xenoliths and in orogenic massif
peridotites as at Lherz, France (Fig. 7). This is
expected, as the excess free energies of mixin§ of
Fe’*—Cr spinels are lower than those of Fe*'-
spinels (e.g. O’'Neill & Wall, 1987). There are at
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Fig. 7. Varaton of Fe** cations in spinel with Cr/(Cr+Al) in

spinel from xenoliths and the Lherz orogenic peridoite massf.

Data sources are: xenoliths, as in Fig. 2; massif peridotites, Wood-
land et al. (1992).

least three additional factors, however, to complicate
this explanation. First, increasing Cr/(Cr+Al) in
spinel is positively correlated with increasing degree
of depletion in mantle peridotites, and hence with
decreasing whole-rock Fe3*. This should act to
oppose the crystal-chemical effect. Second, the
modal amount of spinel can also be expected to
change with degree of depletion. Using the para-
meterization of melting reactions for spinel lherzolite
of Kinzler & Grove (1992) we calculate that ~3%
modal spinel in a typical fertile peridotite will
decrease to a near-zero value only after ~30%
partial melting. Lastly, the modal amount of spinel
is also a function of temperature of equilibration, a
more or less completely independent variable. Modal
pyroxenes will increase at the expense of spinel at
higher temperatures approaching the mantle solidus
(Green & Ringwood, 1967). For some peridotites,
spinel may not be stable on the mantle solidus
during partial melting (Walter & Presnall, 1994).
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Fe?* is also positively correlated with Cr/(Cr + Al)
in spinel, owing to the reciprocal solid solution effect
(e.g. Wood & Nicholls, 1977). This phenomenon is
well known from its effect on the olivine—spinel
Fe?*—Mg exchange equilibria and its calibration as a
geothermometer (Irvine, 1965). As the magnitude of
this correlation happens to be similar to the influence
of Cr/(Cr+Al) on Fe**, the net result is that the
ratio Fe’*/ZFe shows no correlation with Cr/
(Cr+ Al), consistent with the experimental data of
Ballhaus ¢t al. (1991) on orthopyroxene—olivine—
spinel assemblages.

As in the pyroxenes, the Fe* in spinel also
increases with increasing equilibration temperature,
although the effect is somewhat obscured by the
stronger correlation with Cr/(Cr+Al). This corre-
lation becomes more noticeable when the slowly
cooled massif peridotites, which contain spinels with
lower average Fe’*/ZFe, are compared with xeno-
liths.

F** in hydrous phases

Large amounts of Fe’* can reside in upper-mantle
hydrous phases such as amphibole and phlogopite
[Tables 2 and 3, and McGuire ¢t al. (1991)] The
amphibole and phlogopite with Fe**/ZFe ratios
similar to those of coexisting clinopyroxene in
samples BM-134 and 84-413 (~0-30-0-35) may
represent real equilibrium values. In contrast, phlo-
gopite in sample 84-438, a rock with identical Mg/Fe
to 84-413 and BM134, has Fe3+/2Fe of 0-76. In the
latter sample, the Mg/Fe?" of phlogopltc should be
51m11ar to that in 84-413, as it is controlled by Mg/
Fe?* in olivine, which is identical in these two
samples (Table 2). Clearly, phlogopite in 84-438 has
a much hlghcr Mg/Fe , and thus most of the ori-
ginal Fe?* in thlssphasc must have been oxidized at a
late stage to Fe” . This disequilibrium effect was
probably caused by dehydroxylation—oxidation of
the phlogopite according to the reaction

Fe?" +OH™ =Fe®" + 0%~ +1/2 H,. (5)

The bulk FesO3 contents of hydrous samples are
typically above that expected for unmetasomatized
peridotites showing a similar level of major element
depletion (Canil et al., 1994). Clearly, if the Fe** in
the hydrous phases is primary, this would argue that
Fe’* was added to the bulk assemblage by the
hydrous fluid responsible for the metasomatism
(McGuire et al., 1991). The fluid could then be
identified as being of an unusually oxidized nature.
Conversely, if the extra Fe** in the hydrous phases is
secondary, the metasomatic fluid neced not neces-
sarily have been oxidizing.
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The partitioning of Fe** between spinel and pyroxenes

The empirical evidence discussed above shows that
Fe** increases comparably in spinel and in both
pyroxenes with increasing temperature. Conse-
quently, the partitioning of Fe** between pyroxene
and spinel is approximately independent of tem-
perature. As previously shown (Canil et al., 1994),
whole-rock Fe®* does not depend on temperature.
Thus it seems likely that these trends are due to the
decrease in the modal amount of spinel with
increasing temperature, according to the reaction

MgA1204 + MgQSi205 =

spinel ortho/clinopyroxene
MgAl,SiOg + MgzSiO,. (6)
ortho/clinopyroxene olivine

Lowering the amount of the MgAl,O, component
concentrates Fe* in spinel, and thus (as the pyr-
oxene—spinel distribution coefficients are insensitive
to temperature) in the pyroxencs. This could explain
the generally lower Fe’” /ZFe in spinels from slowly
cooled, orogenic massif peridotites vs xenoliths noted
above.

The trend translates into a positive correlation of
calculated ap.,0, with temperature. The lower cal-
culated relative fo, values (from olivine—orthopyr-
oxene—spinel equilibria; e.g. Woodland et al., 1992)
in orogenic peridotites compared with xenoliths
would then simply be produced in this way. Unfor-
tunately, there has as yet been no study of the Fe**/
ZFe ratios of the coexisting pyroxenes from slowly
cooled peridotites with which to test this hypothesis.

The distribution of Fe**
peridotite facies

in the garnet

3+ -
Fe" in garnet and pyroxenes

Fe®" in garnets from garnet peridotite xenoliths were
reported by Luth et al. (1990). Those workers
showed that mantle gamcts have a distinctly
bimodal distribution of Fe**/ZFe ratios, with low-
temperature garnet peridotites having Fe3*/
XFe<0-07, and high-temperature garnet lherzolites
having Fe**/ZFe>0-10. The cause of this variation,
and the reason for the bimodality of its distribution,
have remained obscure. The increased Fe** in the
high-temperature garnets could be due to a redis-
tribution of Fe?* between garnet and pyroxenes as a
function of T and/or P at constant whole-rock Fe>*,
or to greater Fe>* whole-rock abundance (the high-
temperature garnet peridotites are generally
enriched in incompatible elements over the low-
temperature ones). The bimodal distribution of Fe**
in the garnets may be recording a fundamental
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layering in the mantle’s redox state (Haggerty,
1990).

The new data of this study do not show the
bimodal distribution, but rather suggest a continuous
increase of Fe3+/EFc (and Fe*") in garnet with tcm-
perature (Fig. 8). Possibly, the bimodality in Fe3*
found by Luth et al. (1990) simply reflects the
bimodality in other properties of garnet peridotite
lithosphere sampled by southern African kimberlites.
Garnet lherzolite xenoliths from many southern
African kimberlites define a discontinuous P-T
spectrum, one part populated by the low-tem-
perature, more depleted samples, the other by the
high-temperature, ‘fertile’ and often sheared samples
(Boyd, 1973; Boyd & Nixon, 1975; Nixon & Boyd,
1975). In agreement with Luth et al. (1990), we can
identify no correlation of Fe** in garnet with any
major element (e.g. Ca), such as would indicate
some crystal-chemical control on Fe** substitution.

The pyroxenes of the garnet peridotite facies have
Fe**/ZFe ratios extending to slightly greater values
than those for spinel peridotites (i.e. up to 01 for
opx, and 041 for cpx). The distribution of Fe?*
between ortho- and clinopyroxene is the same as that
found in spinel lherzolites (Fig. 9). In contrast to the
samples from the spinel lherzohtc facms there is only
a slight correlation between Fe** in clinopyroxene
and temperature of equilibration (Fig. 10a). This
would be expected if the cause of the trend in the
former were indeed the decrease in the meodal
abundance of spinel with increasing temperature, as
postulated above. As for the spinel lherzolites, there
is no correlation of Fe** in clinopyroxene with Na
(Fig. 10b).
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Fig. 8. Variation of Fe**/ZF¢ ratio in garnet with temperature (in

Kelvin) for garnet peridotite samples from this study. Closed

bols calculated using the two-pyroxene method of Brey &

Kohler (1990), open symbols using the Fe-Mg exchange between
olivine and garnet (O'Neill & Wood, 1979).
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Fig. 9. Correlation of Fe** cations (based on four cation stoichi-
ometry) in coexisting clino- and orthopyroxenes from garnet peri-
dotites in this study. The correlation is similar to that found in
coexisting pyroxcnes from the spinel lherzolite facies (Fig. 1). The
quoted uncertainty it the standard error of the estimate.
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Fig. 10. Variaton of Fe* in clinopyroxene with (a) temperature

[Texn, in Kelvin, calculated using the two-pyroxene geotherm-

ometer of Brey & Kahler (1990)] and (b) Na, for garnet peri-
dotites. All data are from this study.
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Partitioning of F®* between garnet and pyroxene

Whole-rock Fe;,Oj; in garnet peridotites has no cor-
relation with temperature of equilibration (Fig. 11),
demonstrating that the increase of Fe * in garnet
with increasing temperature does not depend on
whole-rock FesOj3, and must therefore arise from the
redistribution of Fe** out of the other Fe**-con-
taining phases (i.e. the pyroxenes), and into the
garnet. This effect may be shown by the following
semi-quantitative exercise.

If we make use of components for which thermo-
dynamic data are available, the distribution of Fe**
between garnet and clinopyroxene can be repre-
sented by the exchange reaction

NaFe?*Si,0p + 1/2 CasAlySiz0y =

clinopyroxene garnet
NaAlSi,Og + 1/2 CagFe3*Sis0)y (N
clinopyroxene gamet

so that at equilibrium

gt 1/2 1/2
(aCaquSigolz) (“%:ta,AI,Si,o,,) —AG
In 5% —1In % = . (8)
NaFeSiOg INaAISI; O RT

To apply this equation, some simplifying approx-
imations are needed. First, the AV° of this reaction is
comparatively small (—0-085 J/bar), so for simplicity
we will ignore the effect of pressure. Second, we find
from our database (Table 2) that the Fe** con-
centration in garnet does not depend on Ca content,
and similarly that Fe** in clinopyroxene does not
depend on Na in clinopyroxene, and thus we assume

that the thermodynamic activities of the
CasFed"Si30;  and NaFe?*Si;0g components
0.8
Garnet peridotites OsD1am
£ o
5
(ad
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Fig. 11. Whole-rock Fe;Oy for garnet peridotites from this study
compared with temperature of cquilibration, calculated as
described in Fig. 10. Data for whole-rock Fe;Os from Table 2
[sec also Canil ¢ al. (1994)]. [Note that sample BDI354 with
high FeyOs is a garnet pyroxenite, not a peridotite (see Table 1).]
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depend only on the concentrations of Fe** in garnet
and clinopyroxene, respectively. We can therefore
write

1/2
l (a%tngFCgShOu)
n cpx

=1In D%fc/,ipx + constant.  (9)
ONaFeSiyOs

We assume that a&, a1si,0,, 18 constant in garnet
peridotites, being buffered by coexisting orthopyr-
oxene and clinopyroxene. The corresponding
assumption that affjaisi,0, 1 constant cannot be jus-
tified, as this component is the principal host for Na
in the peridotite whole rock and thus depends mainly
on the degree of depletion. Unfortunately, we cannot
take its variation explicitly into account without
making a complex statement on activity—composi-
tion relations in chemically complex clinopyroxenes,
which is beyond the scope of our study. Instead, we
shall assume affiasi,0, that varies randomly among
the samples. These assumptions lead to the following
approximate relationship:

g/epx . —AH°
IDDFL_HPXN RT

Thus, in a plot of In DFAP* vs reciprocal tem-
perature (Fig. 12), the slope is given by —~AH®(7)/R,
with variations in affjaisi,0, a3 2 possible source of
scatter. The observed slope from our data is —6-6,
implying AH® =55 kJ/mol. This is much higher than
the AH°(7) of 7-1 kJ/mol calculated for reaction (7)
using the thermodynamic data for all phases from
Holland & Powell (1990). Both values of AH°
confirm the strong temperature dependence of the
partitioning of Fe¥* between clinopyroxene and

+ constant. (10)
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Fig. 12. Plot showing In D¥®" Gt/Cpx vs reciprocal temperature
for garnet peridotites from this study. The fitted line does not
include data for two anomalous samples UV417/89 and
FRB1350, which contain ilmenite and spinel, respectively. The
fitted linc has the equation

In DF<"Gt/Cpx = 4-97 —0-66354/ T (R=0-85).
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garnet observed in natural samples, but the mag-
nitude of the AH® derived from the natural data is
mainly due to ignoring the variable and unknown
effect of affaisi,0, in our simplification for exchange
rcaction (7). Nevertheless, the general trend is
obvious: that lower temperatures generally favour
more substitution of Fe** into pyroxenes relative to
coexisting garnet. The partitioning systematics for
Fe** between pyroxenes and garnet demonstrate
that the higher Fe’*/ZFe in garnets from high-tem-
perature peridotites reported by Luth ez al. (1990) is
simply due to the effect of temperature (see Fig. 14,
below) and not necessarily due to elevated bulk
Fe,O3 contents caused by pre-entrainment metaso-
matism or oxidation.

IMPLICATIONS FOR THE
THERMOBAROMETRY OF
GARNET PERIDOTITES

The thermobarometry of mantle-derived garnet
peridotites has been a matter of controversy, con-
cerning the formulations used to calculate P-T of
equilibration of samples, the resultant shape of
derived palacogeotherms (e.g. Finnerty, 1989;
Carswell, 1991), and the state of equilibrium within
the actual mineral assemblages to which the
thermobarometers have been applied. The equili-
brium assumption can be tested cither by the con-
vergence of different mineral geothermobarometers
to produce the same P-T estimate (e.g. Brey, 1991)
or by solution of the inverse chemical equilibrium
problem using Duhem’s theorem for equilibrium
between phases (Nicholls, 1977; Gordon, 1992). The
latter method is dependent on solution models for
the phases involved, which for chemically complex
pyroxenes and Al-Cr-Fe®*-bearing garnets, are very
unconstrained (e.g. Luth et al., 1990). Brey’s (1991)
approach is simpler, but requires that all geother-
mobarometer combinations be correctly calibrated
by experiment.

The data collected in this study provide an
opportunity to examine the effect of Fe** contents of
all coexisting mantle minerals on equilibria used to
calculate P-T conditions for mantle-derived garnet
peridotites. Similar assessments have been made
previously for two-pyroxene thermometry (McGuire
et al., 1989; Luth & Canil, 1993) and for garnet—
olivine thermometry (Luth e al., 1990), but no study
has examined the effect of Fe** in all phases on P-T
estimates for the same samples using different
thermobarometer combinations. The convergence of
temperature estimates for all thermobarometer com-
binations between these phases may in favourable

FERRIC IRON IN UPPER-MANTLE ROCKS

cases be used for criteria to establish internal mineral
equilibrium, and is therefore important in the con-
struction and interpretation of palaecogeotherms. For
comparative purposes, however, the following dis-
cussion concerns only the thermometer—barometer
combinations recommended for the most part by
Brey & Kohler (1990) rather than serving as a
critique of various published thermobarometric
formulations.

A comparison of two-pyroxene temperatures cal-
culated with and without considering Fe** for garnet
peridotites using the two-pyroxene thermometer—Al-
in-orthopyroxene barometer formulation (TgpgN—
Pgkn) of Brey & Kohler (1990) shows that Fe** in
ortho- or clinopyroxene has little effect on this
thermometer (Fig. 13a), because it does not directly
affect the exchange of the Mg;Si;0¢ component
between coexisting pyroxenes on which the thermo-
meter is based (Luth & Canil, 1993). For this
reason, it is assumed in the ensuing discussion that
Tskn gives reliable temperature estimates and
records the ‘correct’ temperature of equilibration of
the samples. For this reason, we used Tpxyn in our
discussion of the temperature dependence of Fe*
partitioning between different phases. All other
thermometers are then compared with this tem-
perature. The comparison of Tgkxy with other
thermometers does not, of course, eliminate the pos-
sibility of internal disequilibrium.

Fe**-Mg exchange geothermometers

Assumptions involving the amount of Fe®* in phases
directly affect the Fe/Mg ratio used in calculating
KpFe-Mg to derive temperature estimates from
Fe2+—Mg exchange geothermometers. A large
change in calculated temperature can result from
olivine—garnet exchange thermometers (Fig. 13b),
depending on whether Fe®* is ignored or explicitly
considered in the calculation of Fe/Mg in garnet
(Fe** concentrations of olivine are essentially zero).

In general, better empirical agreement is attained
between Tyxn and olivine—garnet Fe-Mg exchange
thermometry if Fe®* in garnet is ignored, pre-
sumably because the experiments used to calibrate
the geothermometer produced garnets with similar
Fe** contents to most of the mantle samples. Almost
half of the samples studied, however, plot off the 1:1
correlation with Tggn even if Fe** is ignored (Fig.
13b). The reason for this remains unclear, but could,
for example, be caused by re-annealing of these
samples at a lower temperature, as Fe?*-Mg
exchange reactions are expected to have lower
closure temperatures than the two-pyroxene equi-
librium. Moreover, Fe** in orthopyroxene affects P
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estimation (discussed below), which in turn affects T
estimation with Fe-Mg thermometers.

Unlike olivine—garnet Fe-Mg exchange thermo-
metry, where only one phase hosts significant Fe*,
both phases in the clinopyroxene—garnet Fe-Mg
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exchange thermometer usually contain significant
amounts of Fe** in mantle-derived samples, and,
moreover, the Fe**/ZFe in clinopyroxene generally
greatly exceeds even that in garnet. This makes the
clinopyroxene—garnet Fe—Mg cxchangc even more
sensitive to consideration of Fe®*. Again, the
empirical test (Fig. 13c) shows that few clino-
pyroxene—garnet temperatures are in agreement
with Tagn whether Fe* is ignored or considered in
both the garnet and clinopyroxene. Similar but
slightly more favourable results are obtained for
orthopyroxene—garnet Fe-Mg exchange tempera-
tures (Fig. 13d).

The generally better agreement between Tgpxn
and temperatures from the various Fc—Mg thcrmo-
meters deployed with all Fe treated as Fe’* (even
where the phase concerned has demonstrably high
Fe®* contents) implies that the experiments used to

calibrate these Fe-Mg exchange thermometers pro-
duced garnet and/or clinopyroxene with substantial
Fe** contents, similar to that of the natural samples.
This is in fact likely, as the majority of these high-
pressure experiments employed graphite capsules.
Data for natural samples F556, F865, FRB1350,
UV465/86, UV177/89 GP147 and GP87B indicate
that significant Fe** can be present in natural
garnets or pyroxenes coexisting with carbon as either
graphite or diamond (Table 3). It is clear, however,
that the redox state of some samples is not in equili-
brium with elemental carbon, and it would be for-
tuitous if a sample had an identical redox state to
that of the expenmental calibrations. This must
introduce an inaccuracy into Fe?*-Mg exchange
geothermometry which cannot be quantified,
because the redox conditions of the experiments used
to calibrate most Fe-Mg thermometers are not well
known (Luth & Canil, 1993). For example, the two
garnet—olivine pyroxenite samples from the Western
Gneiss Region, Norway (Carswell, 1986; Jamtveit et

Fig. 13. Comparison of temperature calculated with and without
considering Fe** in phases in the peridotite samples. The two-
pyroxene temperature (Tpxn) of Brey & Kbahler (1990) is
agsumed to be the ‘correct’ temperature in the samples, and the
comparuon wnh all other thermometers, with and without con-
sidering Fe’* present in the phases, is plotted as AT. Results arc
for {a) the two-pyroxene geothermometer (7Tpkn), (b) olivine—
garnet Fe-Mg exchange thermometer (Tow) of O’Neill & Wood
(1979), (c) clinopyroxene—garmet Fe-Mg exchange thermometer
(Tkrocu) of Krogh (1988) and (d) orthopyroxene-garnet
thermometer (Tys4) of Harley (1984). All of the above thermo-
meters were calculated with pressures determined using the
Al-in-Opx barometer Pgry of Brey & Kahler (1990), except that
of Harley (1984), which was coupled with the barometer of Nickel
& Green (1985). (Note that Fe*™ contents were not determined by
Moéssbauer for some orthopyroxenes and that pressures of 5-0 GPa
were assumed in samples lacking orthopyroxene.)
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al., 1991) contain garnet, orthopyroxene and clino-
pyroxene with no detectable Fe** in their Méssbauer
spectra (U95, U539; Table 3). Application of the
usual Fe-Mg thermometers, calibrated from Fe**-
bearing experiments, to these Norwegian samples
must necessarily produce spurious results.

A lack of convergence of Fe-Mg exchange ther-
mometers on the same P-T value as derived from
Tgxn should not by itself be used as evidence for
internal disequilibrium in the sample conSJdered but
rather may reflect different amounts of Fe** in the
natural samples from those in the experimental cali-
bration. The concentrations of Fe** in the experi-
ments used to calibrate Fe-Mg exchange
thermometers are themselves not known, which pro-
hibits the application of any quantitative correctlons
Finally, we have shown that the partitioning of Fe?*
between phases in the natural samples can depend
on temperature, a phenomenon which could result in
errors of calculated temperature that change sys-
tematically with temperature. In summary, Fe-Mg
exchange thermometers are highly suspect, and con-
clusions derived from them must be treated with
caution, including their use as empirical calibrants
for other geothermometers. In particular, eclogites
pose great problems for accurate geothermometry, as
temperature estimates for these rocks are entirely
dependent on the highly susceptible clinopyroxene—
garnet Fe-Mg exchange thermometer.

Geobarometry using Al in orthopyroxene
in equilibrium with garnet

Currently, estimates of pressures of equilibration in
garnet peridotites are based on the equilibrium
between orthopyroxene and garnet:

MgA125106 + MgQSiQOG = Mg3AIQSi3012. (1 1)
orthopyroxene orthopyroxene garnet

In contrast to the situation for geothermometry,
there are few usable alternatives to this equilibrium
for estimating pressures. Thus the determination of
mantle palaeogeotherms (Boyd, 1973) is almost
entirely dependent on this equilibrium.

The effect of Fe’* on this equilibrium is not
directly obvious, as it is in Fe-Mg exchange geo-
thermometry. It arises from the effect which Fe*
may have on the calculation of the activity of the
MgAIl,;Si0¢ component in orthopyroxene. This com-
ponent consists of Al substituting for Mg in the Ml
octahedral site, charge balanced by Al for Si in the
tetrahedral sites. Typical orthopyroxenes from
garnet peridotites have 0-4-1-2 wt% Al;O; (e.g.
Table 2), corresponding to 0-02—0-05 atoms per
formula unit of six oxygens. The present results show
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that these orthopyroxcnes also contain 0-007-0-015
atoms Fe per formula unit, with similar quantities
of Cr**, so that typlcally the atomic (Fe** + Cr**) in
orthopyroxenes is nearly equal to atomic Al (and
occasionally exceeds it, as in sample 89-669). The
larger size of the Fe** and Cr®* ions, and the excess
crystal field stabilization energy of Cr** in octa-
hedral sites, suggests that these ions will pre-
ferentially substitute into the M1 octahedral site,
which would necessitate equal amounts of Al charge-
balancing in the tetrahedral sites. Given the
observed proportions of (Fe** + Cr®*) relative to Al,
this kind of substitution obviously has the potential
to limit the amount of Al available for substituting
into the M1 octahedral site, and thus to reduce the
calculated activity of the MgAl;SiOg component,
perhaps drastically. All that can be said at present is
that the apmgalsio, must remain finite, even where
atomic (F §++Cr3+)>Al This suggests that a
complex order—disorder model for the 3+ cations on
the M1 and tetrahedral sites may be required to
describe the thermochemical properties of natural
pyroxenes adequately. At present the extent of the
error produced by i 1gnormg Fe** (and Cr’*) in cal-
culating  amgaisio, remains completely uncon-
strained.

CAN ACCURATE MINERAL
Fe’*/ZFe RATIOS BE
CALCULATED FROM
STOICHIOMETRY?

The above discussion indicates a general need for
accurate estimation of Fe’>*/Fe?" in mantle minerals,
if accurate geothermobarometry is to be attempted.
The time-consuming technique of mineral separation
and Moéssbauer spectroscopy employed here is rea-
listically only likely to be able to satisfy this need for
a small minority of samgles This raises the question
of whether accurate Fe’*/ZFe ratios can be deter-
mined by other, more routine, methods.

Fe**/ZFe ratios can also be estimated from che-
mical analyses [usually electron microprobe (EMP)
analyses], by assuming charge balance and perfect
stoichiometry. Wood & Virgo (1989) have shown
empirically by comparison with Maéssbauer results
that this method works well for spinels, provided
that adequate standards and correction procedures
are used.

By contrast, for garnets and pyroxenes, experience
shows that Fe**/ZFe values calculated from stoi-
chiometry often vary widely. The scatter of Fe**/
XFe determinations from microprobe data might
indicate that this method would never produce
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reliable results (e.g. Dyar et al., 1989). The empirical
failure of EMP analyses to give reasonable Fe*'[ZFe
ratios, however, could also mean inadequate EMP
procedures had been used, rather than that the EMP
method is necessarily too imprecise. This question
has not yet been explicitly addressed.

We have therefore calculated the ‘statistically most
probable stoichiometric formulae’, together with
their root mean square (r.m.s.) errors, as a function of
Fe**/ZFe ratios, according to the method of Dollase
& Newman (1984). We imposed the constraints of
charge balance, perfect stoichiometry with complete
occupancy of all cation and anion sites (i.e. 3 cations
to 4 oxygens for spinels, 4 cations to 6 oxygens for
pyroxenes, and 8 cations to 12 oxygens for garnets),
and totals to add to 100 wt%. As explained by
Dollase & Newman (1984), the statistical validity of
this method depends on knowledge of the standard
deviations of the measured concentrations of each
oxide component. Here we assume that the EMP
analyses contain no systematic errors, so that these
standard deviations result from counting statistics.
With this assumption, we obtained estimates of
standard deviations for the major oxide components
(MO,) relevant to the major mantle minerals, as a
function of concentration according to the relation

O'MO’:A +BCMO‘ (12)

which was suggested by Dollase & Newman (1984).
CmMmo, is the amount of oxide (wt%). Input data
were the theoretical values of oyo, from a large
number of actual EMP analyses of pyroxenes,
garnets, spinels, feldspars and olivines, performed on
a Cameca SX50 microprobe at the Bayerisches
Geoinstitut (Bayreuth, Germany) using standard
operating conditions in  wavelength-dispersive
(WDS) mode (15 kV, 15 nA, counting times 20 s on
peaks, 10 s on each side of the background). Values
of 4 and B for each oxide are given in Table 4. Such
a set of values is only an example, for longer
counting times will produce better statistics, as will
multiple analyses on a homogeneous mineral grain.
As a convenient point of reference, the uncertainty in
a SiQOy analysis at 50 wt % SiOg would be £0-26,
one standard deviation.

Results of the Dollase-Newman calculation for a
representative spinel, garnet and clinopyroxene are
given in Fig. 14. The r.m.s. error is a parabolic
function of Fe**/ZFe, and has two features of
importance: (1) the minimum, corresponding to the
best estimate of Fe>*/ZFe by this method, and (2)
the slopes on either side of this mintmum. The latter
feature, which is the quantity of interest in this dis-
cussion, depends on the standard deviations of the
component oxides. The former, the minimum, is a
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Table 4: Estimated errors in electron
microprobe ( EMP ) analyses

Oxide Standard deviation [A + 8(wt % oxide)]
MgO 0-02+0-005Mg0

AlLO3 0-03 4+ 0-004A1,04

Nay0 0-02+0-010Na,0

K0 0-01 +0-008K,0

Cry0, 0-02+0-007Cr,0,4

Ca0 0-02+0-006Ca0

FeO 0-07 +0-005Fe0

Si02 0-01 +0-006Si0,

NiO 0-02+0-009NIO

Other oxides were treated as the nearest one of the above in the
periodic table with similar valence (e.g. MnO as FeO).

o] ¢ Spinel KLBR1
£ 1
; Gamet BD1140
24

14

y T T Y

0.0 02 04 08 0s 10
Fe3+/ IFe

Fig. 14. Root mean square (r.m.1.) error as a function of Fe**/ZFe
for a representative upper-mantle spinel, gamet and clino-
pyroxene, assuming standard deviations for the measured concen-
trations of the oxide components given in Table 4. Analyses for
spinel from Canil ¢f al. (1990) and for garnet and clinopyroxene
from Carswell & Dawson (1970). Arrows mark Fe®*[EZFe ratios
determined by M8ssbauer spectroscopy Lthis study and Canil e
al. (1990)]. Wet chemical analysis of Fe**[ZFec in garnet BD1140
by Carswell & Dawson (1970) gave 0-15, vs 0-06 by M#&ssbauer.
When compared with Mbssbauer spectroscopy, wet chemical
analyses of rcfracton;y minerals and whole-rock peridotites give
inflated values of Fe**/ZFe [sce O'Neill ¢t al. (1993) and Canil e
al. (1994)].

measure of how near the analysis is to one that
would give perfect stoichiometry, and is therefore
also subject to systematic errors, such as poorly
known or inappropriate standards, or errors in the
correction procedure, which we have not taken into
account. It is noteworthy, however, that in all three
cases (and in the many others we have examined),
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the analyses do in fact conform within reasonable
error (20) to the stoichiometric ideal.

For the spinel analysis, the slopes of the r.m.s.
error vs Fe**/ZFe are very steep. The width of the
parabola at a partlcular value of ¢ is an estimate of
the uncertainty in Fe**/ZFe. As a convenient
approximation, the width at 20 can be taken to be
four times the standard deviation in Fe**/ZFe. In
this way, the estimated standard deviation in Fe¥*/
ZFe for this spinel is 0-025. Thls is a similar level of
accuracy to that found for Fe**/ZFe in spinels by
Wood & Virgo (1989), and identical to that
observed empirically by comparison with Méssbauer
measurements by Woodland et al. (1992). This
agreement suggests that our estimate of the standard
deviations of the component oxides is reasonable.
Within their combined uncertainties, the EMP
estimate of Fe>*/ZFe is identical to that from Mass-
bauer spectroscopy (0-30). This shows that our EMP
procedures have been accurate, as well as precise

The situation for garnet and pyroxene is not so
encouraging. The value of ¢ (Fe**/ZFe) for a repre-
sentative garnet (from sample BD1140) is 0-12,
whereas that for a clinopyroxene (also BD1140) is
0-53. As the total range of Fe’*/ZFe for mantle
garnets (excluding the Norwegian samples with zero
Fe’*/ZFe; Tables 2 and 3) is 0-02-0-13, and for
clinopyroxenes is 0-12—0-41, this level of imprecision
is too large to be petrologically useful. At best, if the
precision can be improved by a factor of four, for
example by doing more than 16 replicate analyses on
a homogeneous phase, it may be possible to distin-
guish between low-temperature garnets with Fe**/
ZFe<0-07 and high-temperature garnets with Fe®*/
ZFe>0-10, provided, of course, that systematic
errors are eliminated through use of calibrated
garnet standards.

The greater imprecision of the Fe’*/ZFe estimates
for garnets and pyroxenes compared with those for
spinels is a result of lower total Fe, much higher
levels of SiOy and the effect of the uncertainty in
Si0, in propagating through the stoichiometry cal-
culation. The effect of these factors increases in the
order spinel>garnet>pyroxene. Finally, it should
be remembered that the assumption of perfect stoi-
chiometry is known not to hold for some mantle
clinopyroxenes from high-temperature eclogites
(McCormick, 1986).

CONCLUSIONS

The upper mantle’s complement of ferric iron is dis-
tributed fairly homogeneously amongst all anhy-
drous phases in both garnet and spinel peridotites,
with the important exception of olivine, which con-
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tains negligible Fe**. This distribution has no corre-
lation with bulk-rock Fe;O3 content, or fo,.
Although whole-rock Fe,O3 contents have a simple
inverse correlation with the degree of depletion
(Canil ¢t al., 1994), thc complexity of the interphase
parutlorung for Fe** results in complicated vari-
ations of the activities of Fe3+-bcaring components,
and hence of calculated equilibrium fo, values.

In spinel peridotites, spinel has high Fe**/EFe,
high FeO* (mostly 11-16 wt%) but low modal
abundance (1-2%), orthopyroxene has low Fe®*|
ZFe, moderate FeO* (4-8 wt%) and high modal
abundancc (20-25%), whereas clinopyroxene has
high Fe**/ZFe, low FeO* (1'44 wt%) and can
have high modal abundance (~15% in the most
primitive samples, but decreasing with degree of
depletion). The net result is that all three phases
contribute approximately similar amounts to the
whole-rock FeyOs. In this way, Fe,Og differs from
the majority of the other incompatible minor and
trace elements in peridotites, which are either con-
centrated into clinopyroxene (e.g. Na and the rare
earth elements: McDonough ¢t al., 1992) or shared
between clino- and orthopyroxene (e.g. Ti:
Rampone ¢t al., 1991; McDonough et al., 1992).

The decrease of Fe;Og in mantle peridotites with
increasing degree of depletion (Canil et al., 1994) is
similar to that exhibited by trace elements with
similarly equable intra-crystalline distributions
between the major upper-mantle phases, such as Sc,
Ga and V (e.g. Frey et al., 1986). Thus, Fe*>* behaves
as a moderately incompatible component during the
partial melting of mantle peridotite, with an
empirical melt-residue partition coefficient of ~0-1
(O’Neill ¢t al., 1993; Canil ¢t al., 1994). This value of
Diafr! is similar to that of Ga, a trace clement with
generally similar geochemical properties to Fe** in
the mantle regime (e.g. McKay & Mitchell, 1988).
The simple depletion trend of Fe** in most mantle
samples shows that melt extraction from these
samples occurred under conditions in which oxygen
is not a mobile phase. That is, fo, reflects rather
than controls bulk-rock Fe3*/ZFe.

Ferric iron can, however, vary more widely than
expected from this simple trend in mantle-derived
magmas (Carmichael, 1991). This is presumably
because Fe’* concentrations also reflect any changes
in the oxygen content of the system, which may
occur not only through mantle metasomatism of the
source region, but also from magma degassing. Con-
sidered as a trace element, Fe** potentially exhibits
behaviour of special interest because it is sensitive to
open-system processes involving oxygen, whereas it is
less sensitive than most elements (because of its
equitable partitioning behaviour) to the details of
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partial melting or fractional crystallization, which
often dominate other trace element abundances.

The distribution of Fe** between clinopyroxene
and garnet in the garnet peridotite facies is shown to
be strongly temperature dependent. Increasing tem-
perature (and pressure) favours substitution of Fe**
out of the pyroxenes and into coexisting garnet. This
partitioning relationship explains the high Fe**/ZFe
in garnets from high-temperature sheared peridotite
xenoliths in kimberlite. For this reason, the higher
Fe’*/ZFe in garnets from these samples are not
indicative of higher whole-rock oxygen contents and/
or interaction with more oxidized metasomatic fluid.

The major source of uncertainty in thermo-
barometry with regard to Fe®* in most natural
garnet peridotites lies in the lack of knowledge of
Fe?* concentrations both in natural phases and in
the phases from which the thermobarometers were
calibrated in the original laboratory experiments.
Two-pyroxene geothermometry is nearly immune to
this problem, and will give the most reliable results
for both spinel and garnet peridotite assemblages. In
so far as pressure estimates still depend on the Al-in-
orthopyroxene geobarometer, however, the real
effect of Fe** on reconstructed upper-mantle
palaeogeotherms is still not known. Because of the
inaccuracies of Fe-Mg exchange thermometry in
Fe3+-bcaring samples, internal mineral equilibrium
cannot be accurately tested using the agreement of
different thermobarometers.

Statistical analysis of electron microprobe esti-
mates for Fe’* concentrations in mantle gphasc:s
shows that the greater imprecision of the Fe’"/ZFe
estimates for garnets and pyroxenes compared with
those for spinels results from lower total Fe, much
higher levels of SiO4 and the uncertainty in SiOy. In
the case of garnet, it may be possible to obtain suffi-
ciently precise electron microprobe analyses for the
accurate determination of Fe’*/ZFe if proper stand-
ards are available, and if the minerals are sufficiently
chemically homogeneous to allow large numbers of
replicate analyses, but the situation looks pessimistic
for pyroxenes.
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APPENDIX: 3'Fe MOSSBAUER
FITTING PROCEDURES

Examples of M8ssbauer spectra fitted using the models described
below are shown in Fig. Al.

Olivine
Spectra for olivines were fitted with two symmetric, quadrupole

split doublets for Fe**. No Fe®* was detected in any of the olivines
studied.

Pyroxene

Orthopyroxene spectra were fitted with three symmetnic, quadru-
pole split doublets for Fe?* and one symmetric, quadrupole split
doublet for Fe**. Other fitting models have been used in the lit-
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erature (e.g. Scifert, 1983), but change in the fitting model did not
alter the Fe**/XFe ratio, which ranges from 0-03 to 0-10. At Fe**/
ZFe ratos below 0:05, orthopyroxene spectra could be fitted
equally well with Fe**/ZFe ranging from 0-02 to 0-05, and in
many cases, it was required to constrain the Fe**/ZFe ratio to
obtain a fit with recasonable hyperfine parameters for Fe** [i.c.
isomer shift (IS) >0, full width at half-height (FWHH) <0-8]. For
spectra with very small but recognizable contributions of Fe** to
the resonance envelope, the tendency was to fit much of the
background in the spectrum, sometimes producing unreasonably
low IS (<0 mm/s) and high FWHH (<2:0 mm/s). For this rea-
son, orthopyroxene spectra were first fitted with fixed Fe**/EFc
(~0-05), and then this constraint was released until convergence
with reasonable IS and FWHH values was attained. It follows
that the Fe**/ZFe ratios determined for orthopyroxenes at levels
below ~0-05 are probably not very accurate.

Clinopyroxene spectra were fitted with two symmetric, quadru-
pole split doublets for Fe?* and one symmetric, quadrupale split
doublet for Fe*". More complicated fitting models for Ca-rich
clinopyroxene involving doublets for both tetrahedral and octa-
hedral Fe** in the clinopyroxene structure can be adopted (i.c.
McGuire ¢f 2l., 1991), but given the uncertainty in resolving two
distinct doublets under the high-velocity shoulder of the low-
velocity peak in these spectra [see Dollase (1975)] such fits are
considered here to be unwarranted.

Both ortho- and dinopyroxenes from garnet-bearing assem-
blages generally have lower FWHH for Fe?* compared with pyr-
oxenes from the spinel lherzolite facies (Table 3). This effect is
attributed to the higher Al contents of pyroxenes from the spinel-
bearing assemblages (Table 2), which produce significant next
nearest neighbour effects, and line broadening for Fe** in the
spectra (Seifert, 1983). It is possible to adequately fit most ortho-
pyroxene spectra from the garnet-bearing assemblages with only
one or two doublet models for Fe2*, but as noted above, alteration
of the original three doublet model for Fe** did not affect the
resultant Fe**/EFe ratio. For consistency, all orthopyroxene spec-
tra were fitted using the same model.

Spinel
Spinel spectra were fitted as was done by Wood & Virgo (1989),

with two symmetric, quadrupole split doublcts for Fe** and one
symmetric, quadrupole split doublet for Fe**.

Garnet

Garnet spectra were fitted using the approach of Luth e al.
(1990), which uses one asymmetric doublet for Fe** and one
symmetric doublet for Fe**. In 80 K spectra, significant line
broadening of the Fe?* peaks is observed such that spectra could
be fitted with equal statistical quality using a model with two
symmetric doublets for Fe**. Fits with two symmetric doublets for
Fe® resulted in the same Fe’*/IFc ratio. As in orthopyroxene,
there is a significant amount of uncertainty associated with Fe*/
ZFe ratios of garnets at levels below ~0-05, owing to poor
resolution of the contribution of Fe®* to the resonance envelope in
spectra recorded at 80 K (Luth et al., 1990).

Phlogopite and amphibole

Spectra for amphibole and phlogopite were fitted with two or
three symmetric, quadrupole split doublets for Fe?* and one sym-
metric, quadrupole split doublet for Fe**. Changes in fitting model
for cither phase did not alter the resultant Fe**/ZFe ratio derived
from the Méssbauer spectra (Table 3).
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Fig. Al. Examples of fitted Massbauer spectra collected at 298 K for olivine, orthopyroxene, clinopyroxene, garnet, amphibole and

phlogopite. Descriptions of the fitting models are given in the Appendix.
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